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HATIOHAL ADVTSORT COMCEE^ FCE AEEOHAOTICS 
KE-'^AECH MEMQRAHDT3M 

A SEMTEMPIRICAL METHOD FCE CALODIATIHG THE PirCHIHG 
MOMJNT OE BODIES OF EE70n3Tiair AT 
LOW MACH HDMBEES 
By Edward J. Hopkins 
SOMMAET 

A semlenrpirical method is presented for calculating the pitching 
moments and forces for "bodies of revolution inclined at moderate angles 
of attack at low Mach numbers. In this method the transverse forces on 
a forward portion of the body are ceilculated from potential— flow consid- 
erations. The transverse forces on the remaining portion of the body are 
estimated by relating the local transverse force for the Inclined body 
to the drag force for a circular cylinder in a maimer similar to that 
used in NACA EM A9I26, 19^9* However, this somewhat arbitrary procedure 
of en®loying the cylinder— drag force only over the rearward portion of 
the body differs from the approximate method given in KACA EM A9I26 in 
which the cylinder— drag forces are added to the transverse forces derived 
from potential— flow considerations along the entire length of the body. 
For the method presented herein, an empirically derived curve based upon 
expert mental pitching-moment results is given from, which an estimate can 
be made of the portion of the body for which potent ieil theory should be 
applied. 

The lift, drag, and pitching-moment characteristics of 15 bodies of 
revolution with fineness ratios ranging from 4.0 to 12.5 .were calcu1.ated 
by the method of this report, by the nethod of EACA EM A9I26, and by 
potential theory. The results of these calculations are compared with 
experimental data. The pitching moments calcTolated by the method of this 
report gave the best agreement with the experimental data for nearly all 
the bodies. The agreement with the experimental lift and drag charac- 
teristics as given by the method of this report was generally as good as 
that given by MCA EM A9I26. 



nnEODIJCTIOIf 

One of the first attempts to utilize potential theory for the esti- 
mation of the aerodynamic forces and moments for bodies of revolution 



UNCLASSIF!!^ 



2 


mCA EM A51Cll<- 


was made by MuqIe in corinectlon with his work on airships (reference l). 
Several other investigators have developed similar methods which give 
essentially the same results (references 2 and 3) • It has been shown 
(references 4 and 5) that for the expanding portion of the body at an 
angle of attack these methods give an accurate prediction of the trans^ 
verse forces. However, for the contracting portion of the body where 
the effects of viscosity become important, the predicted transverse 
forces do not agree with experinent. In reference 6 an approximate 
theory to account for the effects of viscosity was developed for inclined 
bodies of revolution, ^This approximate theory. results in .satisfactory 
agreement between tlie predicte d and experimental _llf t and, drag forces. 
However, the agreement between the ea^rimehtal and theoretical pitching 
momenta is not as favorable, since the longitudinal distribution of 
the transverse load is not accurately represented by the method of 
reference 6. 

The purpose of the present investigation was to combine the poten- 
tial theory and the viacoiis cross— flow theory in a mEinner which would 
permit a more accurate prediction of the low=— speed pitching moments of 
bodies of revolution. The semiempirlcal method thus derived is also 
applied to the prediction of the lift and drag forces. 


rroo!Aicioiir 


ACd 


'm 


drag coefficient 


/ drag \ 


increase in body drag coefficient above that at 
an angle of attack of zero degrees 

section drag coefficient of a circular cylinder 

. . ^ ^ /drag/unit length \ 

normal to air stream ( ) 

\ 2qr y 

(See fig, 1 for data taken from references 7 to 10.) 


lift coefficient 




( pitching moment \ 

j 


ka — hj, difference between the transverse and longitudinal 
apparent mass coefficients 

(See fig. 2 for data taken from reference 11.) 
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L 

n 


q 

r 


Be 

S 


Y 

Vo 




a 


body length, feet 
fineness ratio 

free— stream dynamic pressnre, po^lnd.s per square foot 
locaJ. body radius, feet 
maylTTiuTO body radius, feet 

cross Eesmolds number 

cross-sectional area normal to the longittidinal axis 
of a body at any longitudinal station, square feet 

body Tolune, ciibic feet 

free— stream Telocity, feet per second 

longitudinal distance from body nose, feet 

longitudinal distance freon body nose to point at 
vhich ds/dx has a maxfTmm negative value, feet 

longitudinal distance from body nose to moment axis, 
feet 

longitudinal distance from body nose over Vhich potential— 
flow theory is used in the method of this repcart 

angle of attack, degrees or radians 


^2r Vo sin 



V kinematic viscosity, feet squared per second 

Tj ratio of the drag coefficient of a circular cylinder of 

finite length to that for a cylinder of infinite length 
(See fig. 3 for data taken from reference 12.) 


AHALTSIS 


A study of the low— speed pressure distribution of two inclined 
bodies with greatly different nose contours (models 1 and 13 of fig. 4) 
indicated that the transverse forces acting on the expanding portions of 
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these bodies agreed well with those predicted by potential theory. 
However^ for the contracting portions of these bodies where the effects 
of viscosity become more important, the transverse forces predicted by 
potential theory did not agree with experiment, (see references 4 and 5 )* 
It was reasoned, therefore, that one possible method for obtaining good 
agreement between the predicted and experimenteO. pitching moments would 
be to assume potential flow over only a forward portion of the body and 
viscous flow for the remainder of the body. The viscous cross flow, 
similar to that experienced on a circular cylinder in a real fluid, was 
assumed in a manner parallel to that used in reference 6. These assumgp— 
tions differ from those made in reference 6 in which the viscous cross 
force was added to the transverse force given by potential theory at 
each longlttidlnal station. 


The pitching— moment , lift, and drag coefficients can be expressed 
in equation form?- for the method of this report as follows: 


(k2-3£i)2a dS 

' Y i, 5 


dS, , , 2a^ rL , - 




„ (k2-k,)2a PXq dS ^ ; 2a^ 

(kj,-k,)2o,^ dS 2a® 

^ fv)2/3 Jn dx fv'ia/ 


r Cdc 


2a® 

dx + — — / Ti r dx 


The factors c^^, and tj (assumed to be a function of the 

fineness ratio of a full-length body) may be found In figures 1, 2, 
and 3, respectively. The angle of attack, a, is measured In radians. 

The above equations are similar to those given in reference 6 with 
the following exceptions: 

1. The limits of integration differ from those given in reference 6. 
The first term of each equation (the term given by potential theory) is 


because of the eii 5 >lrlcal nature of the method, equations (l), (2), and 
(3) are given in sin^ilifled form for which the following assumptions 
^ve been made: (a) Cosines of angles have been replaced by unity 

Eind sines of angles, by angles in radians, (b) The lift component 
of the viscous axisil force has been neglected in equation (2) becatise 
the inclusion of this conponent would change the total lift a 
negligible amount. 
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integrated only to Xqj the distance determined from an etn^lrically 
derived relation given in figure 5 which, will he discussed hereinafter . 
The second term of the equations (the term derived ffom cylinder drag 
considerations) is Integrated only over the remainder of the body from 
Zq to the tail end. 

2. The first term of equation (3) is greater by a factor of 2 than 
the corresponding term of the equaticxa for drag coefficient given in 
reference 6. The change was introduced by differences in the derivation. 
This term of the equation given herein was derived by considering the 
drag Increaent from potential theory to be equal to the transverse force 
given by Muhk in reference 1 multiplied by the angle of attack. This 
was found to be a good approximation by congaring the product of the 
experimental lift coefficient and the angle of attack (in radians) with 
the increment of experinental drag coefficient shown in figure 6 for the 
15 bodies of revolution. 

E^er Imental data for 15 bodies of revolution were analyzed throti^i- 
out the angle— of— attack range from 0° to 20° to determine the portion of 
the body for which potential theory shoiiLd be employed to attain optimum 
agreement between the calculated and experimental pitching moments. 
Sketches and pertinent dimensional data for the models used in the 
analysis (obtained from references 13 through 20 and unpublished data) 
are presented in figure 4 and table I. It was found that the longitu- 
dinal distance Xq (the limit of Integration in equations (l)j (2), and 
( 3) ) could be coirelated with 'the longitudinal station on the body at 
which the rate of change of cross-sectional area with longitudinal dis- 
tance has a maximum negative value. The results of this correlation 
are shown In figure 5 with the coaputed line of regression. This line 
of regression is defined as a line for which the sim of the squares of 
the deviations (the differences between the line and the individual 
points) is a minimum. It will he shown tliat by use of this line of 
regression satisfactory agreement can he obtained between calculated 
and experimental pitching moments. The equation for the line of 
regression In figure 5 is 


^ = 0.378 + 0.527 ^ (^) 

Xl Ju 

EESDITS AHD DISCTESIONS 


The experimental lift, drag, and pitching-moment coefficients for 
15 bodies of revolution are coapared with the characteristics calculated 
by the method of this report in figure 6. For the calculations, equa^- 
tlon (Jf) was used to deteraiine sco/I'* Also, to siaplify the calctilations 
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a constant vad,ue of cylinder drag coefficient of 1,2 was used, as the 
cross Eeynolds numbers for the rearward portions of the bodies were less 
than the critical Reynolds number for a circular cylinder. The char— 
acteristlcs calculated hy the meth 6 d of reference 6 and hy potential 
theory are also shown in figiire 6 . 

The pitchlng-^ncaient coefficients calculated hy the method proposed 
herein are in closest agreement with the experimental data, for the 
moment reference centers shown in figure 6 , with the exception of the 
data for model l4. These moment centers correspond to those for which 
the experimental data were presented in references 13 to 20, Both 
potential theoiry and the method of reference 6 tend to overestl mate the 
pitching-moment coefficients. The method proposed herein appears to give 
the hest agreement with the slope of the experimental pitching-moment 
curve at the lower angles of attach. It is possible that better agree- 
ment could have been realized at the higher angles of attack provided 
that xo had been allowed to move forward along the body with increas- 
ing angle of attack. 

The method proposed herein, in general, gives as good agreement with 
the experimental lift and drag coefficients as the method of reference 6 , 
This evidence is not sufficient, however, to indicate which of these two 
methods gives the hest agreement with the lift and drag characteristics 
for specific types of bodies. 

To indicate the relative contribution of each part of the equations 
for lift and pltchl ng-moment coefficient, the potential terms of equations 
(l) and ( 2 ) were calculated and the results are also shown in figure 6 , 

It can he seen that the contrihvrtion of the potential te 2 rm is the major 
part of the total for lift and for pitching-moment coefficient. 

The potential term of equation (l) for pitching-moment coefficient 
can he considered as consisting of a moment coefficient dTie to' lift nnfl 
a BKiment coefficient due to a couple. These moment coefficients were 
calculated and the results are presented in figure 7 for models 1 anil 5 , 
which have greatly different nose contours fineness ratios. It 
should he noted that the largest portion of the calculated pitching- 
moment coefficient is derived from the moment couple which is independent 
of moment-reference center. 

An I n dication of the adequacy of representation of the longitudinal 
distrlhutlon of load hy the method of this report can he obtained hy 
considering the pitching-moment coefficients given in figure 6 about a ‘ 
different moment-reference center. Therefore, the calculated exper- 
imental pitching-moment coefficients for all the models are shown in 
figure 8 with the moinent-reference centers transferred 0 . 25 L from the ■ 
locations given in figure 6 , This transfer does not affect the agreement 
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of moments predicted by the proposed method with the eaperimental data, 
except for model 9 for which the method of reference 6 is shown, to give 
the better agreement. These coE^ar Isons indicate that. the longitudinal 
distribution of load proposed in this report, althou^ based on an 
arbitrary combination of potential theory and viscous cross— flow theory, 
results in improved accuracy for calculating the lew— speed pitching- 
moment coefficients for inclined bodies of revolution. 


Ames Aeronautical Laboratory, 

national Advisory Committee for Aeronautics, 
Moffett Eield, Calif. 
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EABIE I.- V0II3MES AHD lEHGTHS OF TEE 103ELS 


Model 

Tolume 
(cu ft) 

Length 

(ft) 

tfodel 

Volxuae 
(cu ft) 

length 

(ft) 

Model 

Volume 
(cu ft) 

Length 

(ft) 

n 


11.33 

6 

0.520 

2 . 6 s. 

11 

0.0748 

1.68 


.687 

5.04 

7 

.234 

2.62 

12 

.37 

3.47 


• 6o6 

3.36 

8 

.277 

2.62 

13 

115.00 

19.62 

H 

.509 

2.62 

9 

.0834 

2.62 

l4 

.444 

4.03 

B 

.513 

2.62 

10 

.244 

2.62 

15 

1.854 

5.00 
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Cross Reyno! 


Figure / .- Circular- cylinder drag coefficient 
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Figure 2.-“ Apparent mass factor to be used in the calculation of the forces and 
moments of bodies of revolution. 
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Figure 3.- Ratio of the drag coefficient of a circular cylinder of finite length to 
that of a cylinder of infinite length as a function of the fineness ratio, 
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Fineness ratio, n't2.5; max diameter, 
at SOOL.yaf^isM data 



Fineness ratio, o* 9.3l max diameter 
at £33L,ref.i3 



Fineness rath, n^d; max diameter 
at AOOL ^ fuselage 3 cf ref. iS 



fineness rath, n*4 ; max diameter 
at AOOL, fuse/age S of ref. 15 
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fineness rath, B‘4;ioax diameter 
at AOOL, fuselage 7 of refiS 



Fineness rath , n*5J9- max diameter 
at ,400L, ref i6 


H 



Fineness ratio,n‘5.7; max diameter 
at 300L, ref iS 



Fineness rath, 0’7,9; max diameter 
at .2B9L to .57SL,ref i9 



Fineness ratio, n* 5.7;- max diameter Fineness rath , n‘5.9 ; max diameter 
at- .500L, ref 15 at .425L, ref. iB 



Fineness ratio, n*iO ; max diameter 
at .A0QL,ref/5 


■ *—.485L -*■ 



Fineness rath, n-tOJ; max diameter 
at .tZOL to S^, ref. !7 



Fineness rath ,n* 5.7 ; max diameter Fineness ratio , n*6; max diameter 

at .4O0L, ref iS dt SOQL, ret 20 




Figure 4,— Mod^ geometry. 
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Figure 5 .- Correlation between assumed extent of 
applicability of potential theory and the position 
of the maximum negative rate of change of body 
cross-sectional area with body length. 
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(b) Mode! 2. 


Figure 6.- Comparison between the experimental and the esti- 
mated lift, drag and pitching -moment characteristics of 
various bodies of revolution. 
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Figure 6. -Continued. 
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Figure 6.~ Continued. 
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Figure 6. -Continued. 
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Figure 6. -Continued. 
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Figure 7.~~ The components of the pitching-moment coefficient calculated by the method of 

this report for two different bodies. 
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Figure 8.— Comparison between the experimental and the estimated 
pitching-moment characteristics of various bodies of revolution. 
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(b) Models 6 to lO. 
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Figure 8.- Continued. 
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(c) Models 1 1 to 15. 


Figure 8.- Concluded. 
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